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Abstract 
This paper proposes an innovative technique for monitoring the healing of severe bone fractures using a pair of 
radio frequency monopoles implanted in the fractured bone. It is envisaged that the screws and external fixation 
used to stabilise and align the bone will also act as monopole antennas. The proposed antenna configurations were 
measured inside three novel heterogeneous bone phantoms representing the radius, tibia and phalange bones, and 
the results were compared to computer simulations with a voxel model of a 26-year-old female from CST 
Microwave Studio’s Virtual Family. The power transmitted from one monopole to the other (𝑆21) was measured 
and evaluated as an indicator for fracture healing as blood emulating liquid was injected inside the phantom 
emulating the conditions of a bone fracture. Finally, for the validation of the phantom measurements, an ex-vivo 
measurement was conducted using a lamb femur bone. In all cases, the power transmitted from one monopole to 
the other through the fracture decreased significantly as the volume of the blood representing the fracture increased. 
The proposed system could provide doctors with a quantitative monitoring tool regarding the healing progress of 
a fractured bone through the reduction of the wound’s hematoma during the first four weeks after the trauma that 
are critical for bone restoration.  
 
1. Introduction 
During the past decade, communications-enabled implanted devices for medical applications have been a growing 
field of research. Due to the limited space inside the body, the lossy nature of tissues and the obligatory bio-
compatibility of the implants, designing and manufacturing these devices is extremely challenging. Radio 
frequency (RF) medical applications presented in the literature mainly operate in the Medical Device 
Radiocommunications Service (MedRadio) at 401 – 406MHz band [1]–[3] or the Industrial, Scientific and 
Medical (ISM) band at 2.44 to 2.46 GHz [4]–[6]. The location of implanted antennas is usually under the skin or 
in fat and muscle tissues [7]–[9]. Applications include implants beneath the skull for the transmission of RF signals 
to antennas out of the body [10], intraocular for retinal prosthesis [11], ingestible capsules for monitoring human 
intestines [12], and induction loops for the powering sensors and implants inside the human body [13].  
1.1 Fracture monitoring 
The bone fracture monitoring period is from the point of surgery following trauma to the point of bone unification. 
As stated in [14], “In patho-physiology, bone union is achieved when sufficient tensile strength across the fracture 
is observed”. This occurs when the blood coagulates to form periosteal and endosteal calluses in the fractured area 
that after 5-10 days transform to intermediate callus. Intermediate callus is more mineralized than periosteal and 
endosteal calluses [15]. Therefore, successful bone union is directly dependent on the progression of the fracture 
from the initial hematoma to periosteal – endosteal calluses, to intermediate callus and finally to bone. Thus, the 
progress of bone healing is indicated by the reduction of blood through transformation into the foretold callus 
stages inside the fracture [16]. This healing process can be affected by the age, nutrition and medical condition of 
the patient, the size, position and number of discrete fractures, and the amount of stress that is applied during the 
healing period [16, 21]. These factors may lead to delayed bone healing, a condition where the intermediate callus 
will not form into healthy bone tissue, leading to severe pain and loss of mobility and muscle strength [20]. Regular 
monitoring is necessary for sufficient evaluation and treatment of these fractures, as correct bone restoration is 
highly dependent on the first four weeks of healing and can be difficult to achieve with patients that have surgically 
implanted metal plates [21]. The available techniques found in literature for the monitoring of fracture healing 
include MRI, X-rays and CT scanning, which can be costly and can only be applied if the implanted fixator is 
non-ferromagnetic [22]. With X-rays, regular monitoring results in high levels of ionizing radiation exposure  [23], 
and are not suitable for children and pregnant women.  
Several researchers have proposed the use of AC current at lower frequencies as a monitoring technique. The 
current is conducted through two additional implanted pins to measure the variations of the fracture’s impedance 
as a probable healing indicator. An increase in the impedance of the bone fracture measured at 100Hz during the 
first 4 weeks after the trauma was reported in [24]. Subsequently, the impedance decreased gradually after the 
fourth week as the bone was restored. Similar results can be found in [23] for measurements at 50kHz in a buffalo 
joint where it was found that the impedance of the bone was proportional to the size of the fracture that was 
introduced. Finally in [25], the impedance at 2Hz of the fractured bone of a rabbit began increasing from the 
second week after the fracture when the mineralization process of the bone started.  
The major drawback of this technique is that the impedance change is often very small and difficult to distinguish. 
In our work, a novel approach using the existing pins of an external metal fixator plate as monopoles at the 
frequency spectrum of 1 to 4 GHz is proposed. Using existing fixators eliminates the need for any additional 
medical procedures.  
 
According to the literature, the electromagnetic-related properties of bones that have been studied are: capacitance 
[26], inductance [27], impedance [28], dielectric constant [29] and conductance [30]. It is proposed by the authors 
to make use of these properties to monitor bone fracture healing. It is expected that the change of the dielectric 
and conductive properties of the fractured area, due to the reduction of blood as the trauma heals, will have a 
clearly observable effect on the power transferred from one monopole to the other. Due to the unpredictable 
geometry of a bone fracture, thus the unpredictable volume of the hematoma, we hypothesize that the magnitude 
and rate of change over time of the power transmitted between the two monopoles will correlate to the success 
(or failure) of the healing process. As long as, in the investigated fractured area, the amount of blood-hematoma 
reduces by gradually transforming into callus, the power transferred from one monopole to the other will increase 
in magnitude. This will be observed as an improvement in 𝑆21, i.e. the 𝑆21 becomes closer to 0dB. 
This paper presents an innovative technique for monitoring the healing of severe bone fractures using a pair of 
radio frequency monopoles to be implanted in the fractured bone. Section 2 describes the two monopole system 
used for the evaluation of the bone healing process. In Section 2.1 the two monopole system inside a voxel model 
is simulated and analysed; in Section 2.2 the recipes used for the development of each tissue of the in-house 
developed multi-material phantoms are presented; and in Section 2.3 the phantom test-beds are reported. Results 
are presented and discussed in Section 3, followed by the concluding remarks of this work in Section 4.   
 
2. Materials and experimental methods 
 
The proposed fracture monitoring system consists of two monopole antennas and it is envisioned to be a part of a 
commercially available external medical metal plate. The conducting parts of the monopoles represent the medical 
screws that are implanted perpendicular to the bone either side of the fracture in order to provide support and 
positioning of bone fragments. The power transferred from monopole 1 to monopole 2 in terms of  𝑆21 magnitude 
was investigated as an indicator of the bone’s unification – healing progress. According to Gabriel et al. [31], 
blood’s relative permittivity and conductivity are significantly higher compared to bone’s across the 
radiofrequency spectrum. Therefore, as the amount of blood inside and around the fracture decreases in volume, 
the losses in the propagation medium are also decreased, thus, the magnitude of the 𝑆21 is expected to increase. 
  
(a)                                                            (b) 
Figure 1: The monopole antennas of the monitoring system: a) simulated b) fabricated 
 
Two identical monopole antennas were simulated and constructed as shown in Figure 1. The conducting part of 
the monopoles had a 2.5mm diameter and were covered using a cylindrical 3D printed biodegradable plastic 
polymer (PLA) insulators of 4mm outer diameter. The diameter of each coated monopole was comparable to the 
average fixator screw diameter found in [32].  For the Tibia and Phalange fracture measurements, the monopole 
lengths were 25mm and the groundplanes were 60 × 40mm.  Due to the depth of the radius bone beneath the skin, 
a second pair of 40mm length monopoles with 60 × 56mm groundplanes were also constructed. 5mm of the length 
of each monopole was in free space connected to each groundplane and the rest of their length was inside the body 
placed through the muscle and perpendicular to the bone. The gap of 5mm of free space between the muscle tissue 
and the groundplanes was used to avoid the groundplanes contacting with the highly conductive muscle layer. 
The dimensions given to the groundplanes ensured good support of the cylindrical part of the antennas in parallel 
position along the bone axis while providing acceptable propagation efficiency of the monopoles. A gap of 4mm 
between the groundplanes was selected as adequate space for the injection of blood emulating liquid that was used 
to emulate the fracture in the measurements section. The distance between the monopoles for all simulations and 
measurements was 20mm as it was found in previous research to be the optimal distance within the fracture 
providing a good ratio of distance versus wave attenuation [19]. To maintain the 20mm distance of the monopoles 
and the 4mm gap between the groundplanes, the conducting parts of the monopoles were attached to their 
groundplanes at an 8mm distance from the middle of the y-axis of the groundplanes (see Figure 1). 
 
2.1 Simulations using an anatomical human model 
 
For the simulations of the antenna system, the Voxel model of a 26 year old female of 58kg weight and 1.60m 
height from the CST Studio Virtual Family of the was used [33]. The permittivity and conductivity of the model’s 
tissues were frequency dependent. Their values changed for each simulated frequency according to Gabriel’s 
measurement results found in [31] for the range of 1 to 4 GHz. The representation of the fracture was envisioned 
by two coaxial cylinders. The inner cylinder of the fracture was placed in the 20mm mid distance between the two 
monopoles and replaced the bone in that area. The diameter of the cylinder was equal to the diameter of the 
investigated bone and its length was set at 16mm. For the replication of bone healing, the dielectric properties 
given to the inner cylinder shifted from blood towards bone for each simulation. The outer cylinder surrounding 
the bone and was given the dielectric properties of blood as it represents the hematoma around the bone fracture 
[34]. At the initial fractured state, the maximum amount of hematoma was simulated. The length and radius of the 
outer cylinder were 50mm and 15.5mm respectively for the radius model, for 30ml of blood hematoma (see Figure 
2). At the final simulation, the fracture was considered healed and the inner cylinder had the dielectric properties 
of the bone and the outer cylinder was removed from the simulation. 
 Figure 2: Simulation of the bone fracture using two coaxial cylinders inside a Voxel model 
2.2 Development of homogenous tissue-mimicking phantom recipes 
 
In order to conduct practical testing, an in-house tissue mimicking phantom was developed. The amounts of each 
of the materials that were used can be seen in Table 1. The process followed for producing the materials with 
equivalent dielectric properties to actual tissue, has been described in detail by the authors in [35]–[37]. For the 
measurements of the dielectric properties of phantom bone cortical, blood and muscle, an open-ended RG-402 
semi-rigid coaxial cable – probe was used over the 0.5 to 4 GHz frequency range [38,39]. 
 
 
Table 1: Tissue-mimicking recipes for 0.5 to 4 GHz 
 
 
 
 
 
 
 
Ingredient Bone Cortical Blood Muscle 
Flour (g) 40 - - 
Sugar (g) 3.6 45.5 - 
Salt (g) - 0.5 - 
Deionized water (ml) 5.5 82.5 100 
Gelatine (g) - - 5 
Detergent (ml) - - 15.5 
Oil (ml) 15.2 - 15.5 
Food colouring (ml) - 0.5 - 
2.3 Measurement setup using a three material phantom 
 
At first, to ensure correct implantation of the monopoles in agreement with the 5mm gap of free space between 
the phantoms and the groundplanes according to the test-bed specifications of Section 2, the PLA insulators of 
the monopoles were first implanted into the middle of the bone layer. The insulators were separated by a gap of 
20mm from each other (centre to centre); then, the bone emulating tissue was placed inside the muscle phantom 
and its exposed top surface was carefully covered until all of the air cavities were filled with the muscle phantom 
(see Figure 3). The monopoles were then inserted into the insulating sleeves. The diameters of the bone tissues 
for all the phantoms presented in Sections 2.3.1 to 2.3.3, were given according to the average diameter of their 
equivalent bones provided by the Voxel model of CST Microwave Studio [33].   
2.3.1 Forearm – radius 
 
The length of each monopole for the measurement setup of the radius bone was chosen to be 40mm. The 
dimensions of the groundplanes were 60 × 56mm. The groundplanes were attached to the parts of the monopoles 
in free space at the surface of the phantom (see Figure 4). The 40mm gap between the groundplanes was used as 
an entry point for the injection of the blood emulating liquid via a sterilized syringe of 1mm diameter. Although 
the envisioned 5mm air gap between the phantom and the groundplanes was followed precisely, the groundplanes 
were also insulated using plastic sticky tape, thus eliminating the possibility of contact with the highly conductive 
muscle layer.  
 
 
 
Figure 3: Radius phantom with implanted insulators. 
 
The diameter of the bone layer was approximately 15mm and its length was 160mm. The dimensions of the muscle 
layer were 230 × 85 × 50mm and a maximum of 30ml of blood emulating liquid was injected between the 
monopoles for the final measurement. 
 
 
Figure 4: Monopoles implanted into the radius phantom 
 
2.3.2 Finger - phalange 
 
For the phalange phantom (see Figure 5), the bone layer had 7.5mm diameter approximately and 60mm length. 
The muscle layer’s dimensions were 90 × 65 × 40mm. The monopoles were 25mm long and the dimensions of 
the groundplanes were 60 × 40mm. Due to the smaller size of the phalange bone and its equivalent phantom, the 
maximum amount of blood emulating liquid that was injected between the monopoles was 10ml in five injections 
of 2ml.  
 
 
 
 
Figure 5: Bone layer and PLA insulators 
2.3.3 Leg – tibia 
 
For the measurements of the tibia phantom, the diameter of the bone layer was approximately 20mm and the 
length was 160mm (see Figure 6). The dimensions of the muscle layer were 230 × 85 × 50mm. The length of the 
monopoles was 25mm and the dimensions of the groundplanes were 60 × 40mm.  
 
 
Figure 6: Bone layer and PLA insulators 
 
For each phantom setup presented above, the 𝑆21 of the monopoles was measured using an Anritsu MS46524A 
vector network analyzer that was calibrated over the 1 to 4 GHz frequency range. The first measurement was 
conducted without injecting any blood emulating liquid into the phantom to emulate the fully healed condition of 
the bone. Each of the next measurements were taken for every 2ml of blood emulating liquid that was injected 
into each phantom into the bone layer in the mid distance between the monopoles until the maximum amount of 
millilitres was reached.  
 
2.4 Ex-vivo lamb joint measurement 
 
For the ex-vivo measurements, a lamb femur joint was used. Two 4mm diameter holes were drilled in the top 
surface of the bone for the monopole insulators to be implanted. The 25mm length monopoles that were used in 
the phalange and tibia phantoms were selected for implantation due to the 20mm diameter of the bone joint. The 
distance between the holes was measured as 20mm as shown in Figure 7. The first 𝑆21 measurement was taken 
without fracturing the bone. For the 𝑆21 measurements that followed, a 4mm diameter hole was drilled in the mid 
distance between the monopoles (position 1 in Figure 7) and 2ml of blood emulating liquid was added for each 
step, up to the amount of 10ml.  Then, a second 4mm diameter hole was drilled just to the right of the first hole 
(position 2 in Figure 7). The liquid injection process continued in 2ml steps with an 𝑆21 measurement at each step 
until a total of 20ml had been injected. Finally, a third 4mm hole was drilled just to the left of the first hole 
(position 3 in Figure 7) and the injection and 𝑆21 measurement process continued in steps of 2ml until a total of 
30ml of liquid was added to the fracture. 
 
 
Figure 7: Drilling sequence of the holes into the lamb joint 
 
 
 
3 Results and discussion 
 
The phantoms of radius, phalange and tibia bones were developed for the assessment of an antenna system as a 
tool for fracture monitoring. Dielectric measurements were also taken in the centre of the fracture for the same 
amounts of injected blood emulating liquid using the coaxial probe of Section 2.3 in all three phantoms as a 
measurement validation technique. The volume ratio of bone versus blood emulating liquid inside the fractured 
area was calculated based on the measured relative permittivity of the investigated area compared to the relative 
permittivity of the bone and the blood tissues (see Figure 8). Radius fracture consisted of 24.1% blood at 10ml, 
63.7% blood at 20ml and 97.1% blood at 30ml. phalange fracture consisted of 38.2% blood at 6ml, 64.7% blood 
at 8ml and 90.0% blood at 10ml. Tibia fracture consisted of 36.9% blood at 10ml, 51.7% blood at 20ml and 91.5% 
blood at 30ml. According to measurements conducted in [16], the measured relative permittivity of the Trabecular 
bone callus that signals bone unification varies between 35 and 45 at 1GHz. That range of values show the closest 
agreement with the 8ml of injected blood emulating liquid measurement for the phalange phantom and with the 
20ml for the tibia and radius phantoms (see Figure 8). 
 
  
  (a)         (b) 
 
 
 
(c) 
Figure 8: Coaxial probe dielectric measurements in the middle of the bone fracture emulating region as different 
amounts of blood were added in: a) Phalange, b) tibia, c) radius phantoms  
 
The presented measurement results in Figures 9, 10 and 11 show that by gradually increasing the volume of blood 
emulating liquid between the monopoles, the magnitude of the 𝑆21 attenuated over the investigated frequency 
spectrum. Lamb joint measurements in Figure 12 confirm the 𝑆21  magnitude attenuation in ex-vivo tissues. 
Several resonances created in the measurements compared to the smoother plots of simulations are due to the 
energy trapped in the cavities created by the complex geometry of the dispersion of the blood emulating liquid 
inside the phantoms (see Figures 9 to 11, and further analysis at the end of this section). 
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 Figure 9: The 𝑺𝟐𝟏measurement and simulation results for the radius phantom with different quantities of blood 
representing the fracture healing. 
 
 
Figure 10: The 𝑺𝟐𝟏measurement and simulation results for the phalange phantom with different quantities of 
blood representing the fracture healing 
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 Figure 11: The 𝑺𝟐𝟏measurement and simulation results for the tibia phantom with different quantities of blood 
emulating liquid representing the hematoma – fracture reduction. 
 
 
 
Figure 12: The 𝑺𝟐𝟏measurement results for the lamb joint with different quantities of blood emulating liquid 
representing the hematoma – fracture reduction. 
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The attenuation of the 𝑆21 due to the high relative permittivity and conductivity of blood can be additionally 
observed in Figure 13 where the electric fields of the monopoles are depicted inside a simulated multi-material 
geometrical phantom that features the exact dimensions of the fabricated tibia bone phantom of Section 2.3.3 with 
and without the blood cylinders representing the bone fracture.  
 
 
(a) 
 
 
(b) 
Figure 13: The electric field of the monopoles inside a simulated geometric tibia phantom with the same 
dimensions as the fabricated phantom a) with a blood cylinder, b) without a blood cylinder 
 
The comparison between Figure 13a and Figure 13b shows that the magnitude of the electric field is greatly 
reduced inside the muscle and in free space when the blood cylinders are introduced by replacing the bone in the 
structure. The electric field of the monopoles in the far-field region is described by [40]: ?⃗? (𝑟 ) = 𝐸0⃗⃗⃗⃗  𝑒
−𝑗?⃗? 𝑟 , (the 
harmonic time-dependence 𝑒𝑗𝜔𝑡 is assumed), where 𝐸0 is the magnitude of the electric field on the surface of the 
monopole. The exponential 𝑒−𝑗𝑘𝑟 of the far field equation describes the attenuation of the propagating electric 
field inside a medium of wavenumber k at a distance r.  The wavenumber k depends on the relative permittivity, 
𝜀𝑟, and conductivity, σ, of each simulated tissue and is given by: k = |?⃗? | = ω√𝜇0𝜇𝑟𝜀0(𝜀𝑟 − 𝑗
𝜎
𝜔𝜀0
), where ω is the 
angular frequency and 𝜇0 , 𝜀0  are the permeability and permittivity of vacuum respectively. The relative 
permittivity and conductivity of blood are higher than that of bone over the frequency range 1 to 4GHz [17, 18, 
38], i.e. 𝜀𝑟𝑏𝑙𝑜𝑜𝑑= 61, 𝜎𝑏𝑙𝑜𝑜𝑑  = 1.58 and  𝜀𝑟𝑏𝑜𝑛𝑒 = 12, 𝜎𝑏𝑜𝑛𝑒 = 0.15 at 1GHz . Therefore, the attenuation of the 
electric field is greater when the blood cylinder or blood emulating liquid is introduced inside the phantom for 
simulations and measurements respectively, having as a result a worsening in the 𝑆21magnitude as the volume of 
the blood increases (see Figures 13a & 13b). The 𝑆21 attenuation in the simulations was broadly validated in 
measurements as the amount of blood increased in volume inside the bone, one difference being the additional 
resonances in the 𝑆21 seen in the measurements. In the ex-vivo measurements, it is not possible to create perfect 
geometric cylindrical shapes for the blood-emulating liquid. Creating a fracture with three circular holes only adds 
to the complexity of the bone’s geometry. Furthermore, small bone fragments combined with the blood-emulating 
liquid and bone marrow is unlikely to perfectly mimic the homogenous blood properties of the simulation. As a 
result, the mixture inside the bone is likely to pose multiple different dielectric layers to the propagating wave. 
These are the likely causes of standing waves and resonances in the 𝑆21 in the measurements.  
Since the relative permittivity and conductivity of blood is significantly higher than that of bone across much of 
the microwave frequency range, the pattern of change of 𝑆21 is likely be observed for much of this frequency 
range. Therefore, the monopole lengths could easily be adapted to fit the diameter and depth of any human bone 
likely to have external fixators.  However, it is important to bear in mind microwave attenuation increases 
dramatically with increasing frequency. So in order to obtain a measureable 𝑆21 with low noise, it would be 
advisable to conduct measurements in the 1 to 4GHz frequency range.  
Finally, the opposite process where the magnitude of the 𝑆21 increases after a bone fracture due to the reduction 
of blood, can provide an indication of the healing in the fractured area during the first four weeks after the trauma.  
 
4 Conclusions 
 
A technique for monitoring the healing of severe bone fractures, using a pair of radio frequency monopoles 
implanted in the bone was investigated in this work. The magnitude of change of the 𝑆21 measurements of two 
implanted monopoles in the radius, phalange and tibia phantoms has shown to provide a good indication regarding 
the healing progress of different types of bone fractures that doctors use external metal plates for their treatment. 
Our preliminary results have shown that, as the injected blood emulating liquid’s volume increased inside the 
fracture, the transmission between the two monopoles is severely attenuated. This was due to the high relative 
permittivity and conductivity of the liquid. The results were validated in an ex-vivo measurement of a bone 
fracture in a lamb joint. The proposed method could provide a fracture monitoring technique during the first four 
weeks after the trauma. In a clinical context, no two fractures would ever be identical. The S21 that corresponds 
to a unified fracture 15cm down from the head of the femur in an elderly male is unlikely to be the same as a 
fracture 25cm down from the head of a femur in a young female. When the size of the fracture, the distance 
between the monopoles and their lengths are taken into account, there will be considerable variation in S21 
between patients with consolidated fractures. Therefore, from this study at least, it would not be appropriate to 
equate an absolute value of S21 to consolidated fractures in general. Instead, the focus should be on the rate of 
change of S21 magnitude over time. If a fracture is healing in the normal way, the blood haematoma will reduce 
over time and there will be an associated continual improvement in the S21. If the healing time can be estimated 
by the clinicians, then one would expect the rate of change of S21 to slow as that period comes to an end. If 
however, the rate of change of S21 drops well in advance of the estimated healing time, this system would indicate 
healing has stalled and would warrant further investigation by the clinicians.  
Further work is needed to develop an analytical model for the near-field coupling between two monopoles of 
arbitrary separation distance inside bone. This can be combined with computer simulation studies using different 
anatomical human models looking at S21 magnitudes in non-fractured bones that are likely to use external fixators. 
If successful, this could make it possible for clinicians to predict a S21 range for a consolidated fracture in any 
bone and for any monopole separation distance. Further work is also required on how to maintain mechanical 
stability of the fixator when steps are taken to electrically isolate the monopoles form their ground planes. All 
theories and methodologies proposed here will have to be tested in animal studies. 
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